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Cdc2 activation in fission yeast depends on Mcs6 and Csk1, two
partially redundant Cdk-activating kinases (CAKs)
Karen M. Lee*, Julia E. Saiz*, William A. Barton and Robert P. Fisher
Cyclin-dependent kinases (Cdks) are fully active only
when phosphorylated by a Cdk-activating kinase (CAK)
[1]. Metazoan CAK is itself a Cdk, Cdk7, whereas the
CAK of Saccharomyces cerevisiae is a distinct enzyme
unrelated to Cdks [1]. The Mcs6–Mcs2 complex of
Schizosaccharomyces pombe is a putative CAK related
to the metazoan enzyme [2,3]. Although the loss of Mcs6
is lethal, it results in a phenotype that is inconsistent
with a failure to activate Cdc2, the major Cdk in S.
pombe [3]. We therefore tested the ability of Csk1, a
putative regulator of Mcs6 [4], to activate Cdk–cyclin
complexes in vitro. Csk1 activated both the monomeric
and the Mcs2-bound forms of Mcs6. Surprisingly, Csk1
also activated Cdc2 in complexes with either Cdc13 or
Cig2 cyclins. When a double mutant carrying a csk1
deletion and a temperature-sensitive mcs6 allele was
incubated at the restrictive temperature, Cdc2 was not
activated and the cells underwent a cell division arrest
prior to mitosis. Cdc2–cyclin complexes isolated from
the arrested cells could be activated in vitro by
recombinant CAK, whereas complexes from wild-type
cells or either of the single mutants were refractory to
activation. Thus, fission yeast contains two partially
redundant CAKs: the Mcs6–Mcs2 complex and Csk1.
Inactivation of both CAKs is necessary and sufficient to
prevent Cdc2 activation and cause a cell-cycle arrest.
Mcs6, which is essential, may therefore have required
functions other than Cdk activation.
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Results and discussion
We expressed Csk1, Mcs6 and Mcs2 in insect cells using a
baculoviral expression system. Mcs6, tagged with a hem-
agglutinin (HA) epitope (Mcs6–HA), was immunoprecipi-
tated from insect cell lysates, incubated with pure Mcs2
and/or purified Csk1, and tested for kinase activity
towards the carboxyl-terminal domain (CTD) of RNA
polymerase II. Remarkably, either Mcs2 or Csk1 activated
Mcs6 (Figure 1a). Activation by Csk1 required ATP
(Figure 1a, compare lane 5 with lane 6), consistent with a
phosphorylation-dependent mechanism, whereas activa-
tion by Mcs2–His was ATP-independent (Figure 1a,
compare lane 3 with lane 4). Surprisingly, phosphorylation
by Csk1 activated Mcs6 to near-maximal levels in the
absence of cyclin; addition of both Mcs2 and Csk1
resulted in a less-than-additive stimulation (Figure 1a,
compare lane 8 with lanes 4 and 6).
We next subjected Mcs6–HA, activated by Mcs2 and/or
Csk1, to chromatography in sizing columns (Figure 1b–e).
The Mcs6–HA fusion protein has a predicted molecular
weight of 40,433 Da. Incubation with Mcs2 caused a shift
to the size expected for an Mcs6–Mcs2 dimeric complex
(~60–70 kDa; Figure 1c). Interestingly, Csk1 treatment
enhanced the recovery of active Mcs6–Mcs2 complexes
after gel filtration (Figure 1e), suggesting that phosphory-
lation by Csk1 stabilized the kinase–cyclin pair. More sur-
prisingly, Mcs6 pre-incubated with Csk1 alone migrated
with an apparent size of ~40 kDa, and appeared to be fully
activated without stable binding to Mcs2, or to any
endogenous insect cyclin (Figure 1d). Thus, Mcs6 is a
Cdk (defined as a kinase that associates with a cyclin-like
regulatory partner in vivo [1]) that is not strictly dependent
on the cyclin component for catalytic activity. Indeed, the
suppression of a mutation in mcs2 by overexpression of
Csk1 [4] might reflect redundancy in the activation of
Mcs6. Overexpression of Csk1 could not rescue an mcs2
null strain [4], however, arguing that Mcs2 performs an
essential role, perhaps in targeting Mcs6 to critical sub-
strates or cellular compartments, or in stabilizing the
active form of the kinase.
Remarkably, Csk1 was also a potent activator of mam-
malian Cdk2–cyclin A (Figure 2a, lanes 1–7). In contrast,
the Mcs6–Mcs2–His complex purified from doubly
infected insect cells did not activate Cdk2–cyclin A
(Figure 2a, lanes 8–13). Although previous studies showed
that Mcs6 isolated from yeast was associated with a CAK
that activated mammalian Cdk2 [2,3], the dimeric complex
of Mcs6 and Mcs2 formed in insect cells was incapable of
activating mammalian Cdks. The presence of a second
potential CAK in S. pombe prompted us to compare the
abilities of Csk1 and Mcs6–Mcs2 to activate the major
fission yeast Cdk, Cdc2, with its cyclin partners, Cdc13
[5,6] and Cig2 [7]. Both Csk1 and Mcs6–Mcs2 activated
fission yeast Cdc2–Cdc13 and Cdc2–Cig2 complexes 
efficiently in vitro (Figure 2b). Equimolar amounts of the
two enzymes activated Cdc2 complexes to approximately
equal levels, over a broad range of concentrations (unpub-
lished observations). Thus, fission yeast contains (at least)
two kinases capable of activating Cdc2.
A second CAK could explain the puzzling late mitotic
arrests of both mcs2 [4] and mcs6 [3] null strains. To clarify
the roles of Mcs6 and Csk1 in vivo, we constructed a strain
lacking csk1+ function and also containing a temperature-
sensitive mcs6 mutation, mcs6-13. The mcs6-13 allele has no
phenotypic consequences in an otherwise wild-type back-
ground [8]. When combined with specific mutant alleles of
known cell-cycle regulators, however, the mcs6-13 mutation
caused temperature-sensitive phenotypes including sup-
pression of mitotic catastrophe and growth arrest [8]. We
generated a haploid strain with mcs6-13 and csk1::sup3-5
(hereafter called csk1∆), a disruption of the csk1 gene [4].
Neither mutation alone produced any clear growth defect or
morphological abnormality at either 28°C or 36°C. The
double-mutant strain, likewise, grew normally at the per-
missive temperature of 28°C (data not shown). When raised
to the restrictive temperature of 36°C, however, the double
mutant stopped dividing after 12–13 hours and had a het-
erogeneous morphology. Both the growth arrest and the
morphological changes in csk1∆ mcs6-13 cells were reversed
by expression of wild-type csk1+ (unpublished observations).
To achieve a more rapid, synchronous arrest, we adopted a
protocol previously used to inactivate temperature-sensi-
tive Cdc2 [9]. We first starved cells of nitrogen at 28°C to
induce an arrest in G1, subjected them to a brief heat
shock (40 minutes at 42°C), and released them into nitro-
gen-rich medium at 36°C. Whereas wild-type and both of
the single-mutant strains divided within 4 hours at 36°C,
as indicated by the appearance of normal septa
(Figure 3a), the double-mutant cells did not divide again
after the heat shock. The arrested cells became elongated,
lacked septa, and a majority (90–95%) contained a single
mass of DNA (Figure 3a). This phenotype is consistent
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Figure 1
Activation of Mcs6 by two distinct mechanisms. (a) Mcs6–HA (~500 ng
in 50 µg total lysate protein) was immunoprecipitated and incubated with
500 ng pure Mcs2–His (lanes 3,4), with 50 ng Csk1 (estimated purity:
50–70%; lanes 5,6), with both Mcs2–His and Csk1 (lanes 7,8), or with
neither (lanes 1,2), in the absence (lanes 1,3,5,7) or presence (lanes
2,4,6,8) of 1 mM ATP. Immobilized Mcs6 was then analyzed for its ability
to phosphorylate a glutathione-S-transferase (GST)–CTD fusion protein
(5 µg). (b–e) Mcs6–HA (400 µg lysate) was incubated in vitro with
(b) no addition, (c) 4 µg Mcs2–His, (d) 500 ng Csk1, or (e) both
Mcs2–His and Csk1, and analyzed by Superdex 200 gel filtration
chromatography. Fractions were examined for CTD kinase activity in anti-
HA immunoprecipitates (upper panels) and for levels of Mcs6–HA
protein by immunoblotting (lower panels). L represents the samples
loaded onto the sizing column; molecular weights of standard proteins
are indicated in (b) with arrows above the fractions in which they migrate.
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Figure 2
Both Csk1 and the Mcs6–Mcs2 complex activate Cdc2–cyclin
complexes in vitro. (a) Mcs6–Mcs2 fails to activate the heterologous
Cdk2–cyclin A complex. Cdk2-activating kinase assays were performed
as described [13]. Immobilized Cdk2–HA–cyclin A (200 ng) was
incubated with 1 µg BSA (lane 1), increasing amounts of Csk1
(25–400 ng; lanes 2–7), or pure Mcs6–Mcs2–His (50–800 ng;
lanes 8–13). Complexes were tested for histone H1 kinase activity
(H1). (b) Insect cell lysates containing HA-tagged Cdc2 (~500 ng in
50 µg total protein) and either Cdc13 (~500 ng in 200 µg total protein)
or HA-tagged Cig2 (~500 ng in 50 µg total protein) as indicated were
pre-incubated, immunoprecipitated and activated with 200 ng BSA (–),
200 ng Mcs6–Mcs2, 100 ng Csk1 or 200 ng pure Cdk7–cyclin H.
Complexes were tested for histone H1 kinase activity (H1). Cig2–HA
baculovirus was a gift of J. Leatherwood.
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with arrest prior to mitosis, as was observed when Thr167,
the activating residue of Cdc2, was changed to alanine
[10], and differs from the phenotypes of either mcs6 or
mcs2 null mutants, which arrest with two DNA masses
[3,4]. After longer incubations at 36°C, the cells became
highly elongated, with aberrant deposition of septal mater-
ial and a more heterogeneous appearance, but remained
predominantly mononucleated (Figure 3b).
We next measured the kinase activity associated with Cdc2
in wild-type, both single-mutant, and the double-mutant
cells grown at 36°C (all four strains had similar Cdc2 activ-
ity levels at 28°C; data not shown). Cdc2 complexes were
isolated by precipitation with p13suc1–Sepharose beads and
tested for histone H1 kinase activity. Upon recovery from
nitrogen starvation, wild-type cells proceeded through a
synchronous division, with Cdc2-associated kinase activity
reaching maximal levels after 160 minutes (Figure 3c). The
csk1∆ strain and the mcs6-13 strain activated Cdc2 with
similar kinetics (Figure 3c). The csk1∆ mcs6-13 strain, on
the other hand, showed no Cdc2 activation in the first
4 hours after release from the G1 arrest at 36°C (Figure 3c).
A very small amount of Cdc2 activity appeared in the csk1∆
mcs6-13 strain 280 min after release (Figure 3c), and disap-
peared again by 320 min (data not shown).
The absence of active Cdc2 in arrested cells was not due
to loss of either Cdc2 or Cdc13 protein, as measured by
immunoblotting of whole-cell lysates with anti-PSTAIRE
or anti-Cdc13 antibodies, respectively (Figure 3d). Co-
precipitation of Cdc2 and Cdc13 with p13suc1 beads
revealed that Cdk–cyclin complex assembly was also effi-
cient in the double mutant (Figure 3d). The kinase activ-
ity of Cdc2 complexes isolated from the arrested
double-mutant cells after 280 min at 36°C (representing
the ‘peak’ of Cdc2 activity), however, could be stimulated
approximately fourfold to fivefold by treatment with Csk1
(Figure 3e, compare lane 7 with lane 8). The Mcs6–Mcs2
CAK was also able to activate Cdc2 complexes from the
double mutant (unpublished observations). In contrast,
complexes isolated from wild-type cells and from both
single mutants were relatively refractory to stimulation by
either CAK (less than twofold stimulation; Figure 3e,
lanes 1–6). The data suggest a failure of the double
mutant to activate Cdc2 by phosphorylation of Thr167,
leading to the arrest in cell division.
If either Mcs6 or Csk1 can activate Cdc2, the phenotype of
the double mutant can be explained by the inactivation of
both CAKs. The fact that csk1+ is not essential [4] means
that Csk1 cannot be the only Cdc2-activating kinase in
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Figure 3
A csk1∆ mcs6-13 double mutant arrests with
assembled but inactive Cdc2–cyclin
complexes. (a) UV fluorescence micrographs
of wild-type (WT), mcs6-13, csk1∆ and
csk1∆ mcs6-13 strains, grown at 36°C for 4 h
and stained with DAPI and calcofluor to
visualize DNA and division septa, respectively.
(b) Fluorescence and phase contrast
micrographs of csk1∆ mcs6-13 double-mutant
cells grown at 36°C for 12 h after release from
nitrogen starvation and heat shock. (c) Time
course of activation of Cdk–cyclin complexes.
Cdk–cyclin complexes isolated from ~2 × 109
cells of the indicated strains (500 µg total
protein) just prior to heat shock (lane 1, time
0), or after incubation at 36°C for the
indicated times after heat shock (lanes 2–7),
were immobilized on p13suc1–Sepharose
beads and analyzed for their ability to
phosphorylate histone H1, as described [10].
(d) Cdc2–Cdc13 complexes are assembled
normally in the double mutant. Lanes 1–4 show
Cdc13 and Cdc2 levels, per 100 µg of cell
lysate protein, measured by immunoblotting, in
the four strains at their respective peaks of
Cdc2 activation. Lanes 5–8 show immunoblots
of proteins precipitated from the same amount
of lysate with p13suc1–Sepharose beads.
(e) Cdk–cyclin complexes from arrested
double-mutant cells can be activated by CAK in
vitro. Cdc2 complexes were isolated from wild-
type (WT), mcs6-13 and csk1∆ strains 160 min
after heat shock, corresponding to lane 4 in (c),
and from a csk1∆ mcs6-13 mutant strain
280 min after heat shock, corresponding to
lane 7 of (c). Complexes were incubated with
Mg–ATP in the absence (lanes 1,3,5,7) or the
presence (lanes 2,4,6,8) of 400 ng Csk1, as
described for the activation of Cdc2 complexes
formed in vitro in Figure 2b, and assayed for
histone H1 kinase activity (H1).
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fission yeast. Nonetheless, our biochemical analyses in vitro
(Figure 2), and a comparison of the csk1∆ mcs6-13 pheno-
type with those resulting from null mutations in mcs2 [4]
and mcs6 [2,3], suggest that Csk1 can activate Cdc2 in vivo.
Spores with deletions of mcs6 or mcs2 germinate, go through
several divisions and arrest late in mitosis, after septation,
with two separate masses of nuclear DNA [3,4]. Inactiva-
tion of both Mcs6 and Csk1 caused an earlier block in the
cell cycle, as expected from a failure to activate Cdc2.
Cdk activation in fission yeast clearly differs from the same
process in budding yeast. Cak1, an essential CAK of S. cere-
visiae, activates Cdc28 (the budding yeast Cdc2 homolog) in
vivo and in vitro [1]. Cak1 has also been shown to activate
the budding yeast homolog of Mcs6 and Cdk7 — Kin28
— in vivo [11]. Thus, Csk1 may be functionally homologous
to Cak1, despite the minimal sequence homology between
the two (26% amino acid sequence identity). Kin28, unlike
its metazoan and fission yeast homologs, lacks CAK activity
[2], and probably functions solely as a component of tran-
scription factor IIH (TFIIH) [1]. The Mcs6–Mcs2 complex
appears to perform an essential function distinct from Cdk
activation; CAK activity could be supplied by Csk1 in mcs6
or mcs2 null strains, yet those strains are inviable [2–4]. A
role for Mcs6–Mcs2 in transcription is a likely explanation. 
What is the regulatory function of Cdk-activating phos-
phorylation? Csk1 and Mcs6 appear to be redundant
CAKs in vivo, but could also cooperate to activate Cdks in
a linear cascade (Figure 4). A kinase that acts parallel to, or
upstream of, Mcs6 could serve to regulate activation of
Cdc2 in response to external or internal signals. More
extensive characterization of this pathway may finally
reveal whether activating phosphorylation of Cdks is a
regulated or constitutive event. 
While this manuscript was in preparation, Hermand et al.
[12] reported that mcs6-13 and csk1::sup3-5 were synthetically
lethal, and that Csk1 could activate Mcs6 in vitro. 
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Figure 4
The Cdk-activation pathways of yeasts and
metazoans. In fission yeast, both Csk1 and
Mcs6 are proposed to activate Cdc2 directly.
Csk1 also activates Mcs6, which can
phosphorylate RNA polymerase (RNAP) II.
According to this model, loss of Mcs6 function
may be lethal not because of inability to activate
Cdc2, but because of essential interactions
with other targets. In budding yeast, the Mcs6
homolog, Kin28, is devoid of CAK activity,
which is provided by Cak1. In metazoans, no
homolog of Csk1 or Cak1 has yet been found,
although Cdk7 (which is homologous to both
Mcs6 and Kin28) has been implicated in both
Cdk activation and transcription.
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